Cytochrome P450 2A13 (CYP2A13), an enzyme predominantly expressed in human respiratory tissues, is highly efficient for the metabolic activation of two suspected human lung carcinogens 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and aflatoxin B1 (AFB1). Functional genetic polymorphisms of CYP2A13 may therefore be an important factor in human susceptibility to related lung cancers. Among the reported CYP2A13 polymorphisms with missense variations, only CYP2A13*2 variant (containing either a single or double variation of R25Q and R257C) was studied for its NNK-metabolizing activity. The present study demonstrated that there was no remarkable difference in AFB1-and NNK-induced toxicity between the Flp-In Chinese Hamster Ovary (CHO) cells stably expressing wild-type CYP2A13 and the cells expressing the individual polymorphic variants R25Q, D158E, R257C, R25Q/R257C, V323L, F453Y, and R494C. In contrast, cells transfected with R101Q variant complementary DNA (cDNA), same as the vector control cells, showed no significant death even at highest concentrations of AFB1 (10mM) and NNK (200mM). This result correlated with the lack of CYP2A13 protein in the R101Q-CHO cells, although the genomic integration of transfected R101Q cDNA and the expression of R101Q messenger RNA were clearly demonstrated in these stable transfectants. Consistent with the possibility that the variation might reduce the protein stability, R101Q variant protein expressed in insect cells showed a loss of P450 peak and coumarin 7-hydroxylase activity as well as an increased susceptibility to limited protein digestion. Thus, the R101Q polymorphic change results in a null allelic variant of CYP2A13. Our results should be useful in designing and interpreting molecular epidemiological studies related to CYP2A13 genetic polymorphisms.
Cytochrome P450 2A13 (CYP2A13) is predominantly expressed in human respiratory tract with the highest level in the nasal mucosa, followed by the lung and trachea (Su et al., 2000) . The human CYP2A13 gene is localized in a CYP2A-T gene cluster on the long arm of chromosome 19 (Wang et al., 2003a) . CYP2A13, CYP2A6, and CYP2A7 are the three members in human CYP2A gene family. Although the CYP2A13 gene was first cloned in 1995 (FernandezSalguero et al., 1995) and the expression of its messenger RNA (mRNA) in human tissues was demonstrated later (Koskela et al., 1999) , little studies were conducted on CYP2A13 as the gene was predicted to encode a nonfunctional protein based on the resemblance of amino acid sequences between CYP2A13 and the nonfunctional CYP2A7 and CYP2A6*2 (or CYP2A6v1), a genetic variant of CYP2A6 (Ding et al., 1995; Yamano et al., 1990) . However, our study in 2000 demonstrated that CYP2A13 is not only catalytically active but also the most efficient human CYP enzyme for the metabolic activation of a major tobacco-specific carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Compared to CYP2A6, which was previously believed to be the major human enzyme for NNK activation, the Km value of CYP2A13 in generating the carcinogenic NNK metabolites was approximately 10 times lower (~10lM for CYP2A13 vs. 100lM for CYP2A6) and the catalytic efficiency (Vmax/ Km) was~30 times higher (Su et al., 2000) . Our recent studies demonstrated that CYP2A13 is also highly efficient in metabolizing aflatoxin B1 (AFB1), another potent carcinogen with wide human exposure, to its carcinogenic/mutagenic epoxides, AFB1-8,9-epoxide, and AFM1-8,9-epoxide (He et al., 2006) . The LC 50 (50% lethal concentration) of AFB1 (48-h treatment) in Chinese Hamster Ovary (CHO) cells stably expressing CYP2A13 was~800 times lower than that of the CHO cells expressing CYP2A6 (50nM for CHO-2A13 cells vs. 39lM for CHO-2A6 cells) (He et al., 2006) . The catalytic efficiency of CYP2A13 for the metabolism of nicotine and cotinine was also higher than that of CYP2A6 (Bao et al., 2005) , although the physiological significance of CYP2A13-mediated metabolism of nicotine and cotinine remains to be studied.
Both NNK and AFB1 are suspected human lung carcinogens (Hayes et al., 1984; Hecht, 2002) , although the importance of AFB1 inhalation in human lung cancer is less established. While Olsen et al. (1998) failed to find a positive relationship between lung cancer risk and occupational exposure to aflatoxins, several other studies reported that AFB1 inhalation exposure is associated with increased respiratory cancers. (Dvorackova, 1986; Hayes et al., 1984; Kelly et al., 1997; Sorenson et al., 1981) . AFB1 also induces tumors in the lung and airway tissues of laboratory animals (Herzog et al., 2004; Stoner, 1991; Wieder et al., 1968) . Nevertheless, the high catalytic efficiency of CYP2A13 in metabolizing NNK and AFB1 as well as the predominant expression of this enzyme in human respiratory tract strongly suggest that CYP2A13-catalyzed metabolic activation in situ may play a critical role in human lung carcinogenesis related to cigarette smoking and AFB1 inhalation exposure. It is reasonable to further speculate that functional genetic polymorphisms of CYP2A13 may have a significant impact on human susceptibility to lung cancers related to NNK or AFB1 exposure. So far, a total of nine single nucleotide polymorphisms have been identified in the protein coding sequence of human CYP2A13 (Table 1) (Cauffiez et al., 2004 (Cauffiez et al., , 2005 Cheng et al., 2004; Fujieda et al., 2003; Zhang et al., 2002 Zhang et al., , 2003 . Among them, two allelic variants CYP2A13*3, which has an insertional frame-shift mutation, and CYP2A13*7 (R101X, X ¼ stop codon), which has a large protein truncation due to the substitution of a stop codon, are predicted to be lack of enzymatic function. The remaining seven allelic variants of CYP2A13 are all missense variants. Heterologously expressed R257C (CYP2A13*2) variant protein was reported to be less efficient than the wild-type enzyme in the metabolic activation of NNK (Zhang et al., 2002) . This result appears to be consistent with a reported molecular epidemiological study in which the CYP2A13 R257C polymorphism was found to be associated with a substantial reduction in smoking-related lung cancer risk (Wang et al., 2003b) . Functional significance of the other CYP2A13 missense variants, however, is unknown.
The present study was undertaken to determine the functional significance of the reported CYP2A13 missense polymorphisms. We first established Flp-In CHO cell lines with stable expression of all the reported missense CYP2A13 variants and compared CYP2A13-mediated NNK and AFB1 toxicity in theses cells with the cells expressing wild-type CYP2A13. We demonstrate a loss of function in the R101Q (CYP2A13*4) variant and conducted additional studies to elucidate the involved mechanisms.
MATERIALS AND METHODS
Chemicals and reagents. NNK (99% purity) was purchased from ChemSyn (Lenexa, KS). AFB1 (98% purity), coumarin, Construction of CYP2A13 variant cDNAs and transfection of Flp-In CHO cells. The PCR primers for site-directed mutagenesis (Table 2) were designed using PrimerX software (http://bioinformatics.org/primerx) and synthesized by Integrated DNA Technologies (Skokie, IL). Using wild-type CYP2A13 cDNA in pcDNA5/FRT vector as a template, the PCR products containing a single mutation (R25Q, R101Q, D158E, R257C, V323L, and F453Y) or a double mutation (R25Q/R257C) were obtained by amplification with PfuUltra HF DNA Polymerase. The amplified full-length cDNAs were always completely sequenced to ensure that there were no extra mutations. To avoid possible extra mutations in the vector sequence produced during PCRbased mutagenesis, which may affect expression efficiency of the vectors, the variant CYP2A13 cDNA was excised from the original vector after PCR amplification by XhoI and NotI restriction enzymes and was reinserted into a new pcDNA5/FRT vector containing no mutations. Because the R 494 is the last amino acid residue in the CYP2A13 protein, the R494C mutant cDNA was generated as follows: a KpnI site was introduced into the forward primer in front of the start codon of CYP2A13 cDNA, and the reverse primer contained the R494C mutation and the stop codon. The PCR-amplified R494C cDNA was first cloned into a pCR2.1-TOPO vector using the TOPO TA cloning kit and sequenced to ensure no extra PCR-induced mutations. Subsequently, the fulllength cDNA was transferred into the pcDNA5/FRT vector using KpnI restriction site. Transfection of the Flp-In CHO cells with CYP2A13 cDNA was conducted as previously described (Wang et al., 2005) . Briefly, the Flp-In CHO cells were cotransfected with pcDNA5/FRT vector containing CYP2A13 cDNA and pOG44 vector (for the expression of Flp recombinase) for 24 h by Lipofectamin 2000. The stable transfectant cells were selected by hygromycin B for 7-10 days as well-growing foci. The selected foci were allowed to grow for additional 7-10 days for expansion.
Cytotoxicity assay. Cell viability was determined by a modified MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay as previously described (Wang et al., 2005) . Briefly, the cells were put into a 24-well plate (1 3 10 5 cells per well) and grown under 95% humidity and 5% CO 2 at 37°C overnight. The cells were then treated with different concentrations of NNK (24 h) or AFB1 (48 h). After treatment, the medium in each well was replaced with 500 ll of MTS mixture and the cells were incubated in dark for 30 min. The plate was then read at 490 nm by a lQuant plate reader (Bio-Tek Instrument, Inc., Winooski, VT). In each group, the viability of cells incubated with vehicle dimethylsulfoxide only was set at 100%.
Immunoblot analysis. Expression of CYP2A13 proteins in the stable transfectant cells were determined by immunoblotting using a monoclonal antibody against CYP2A6, which cross-reacts with CYP2A13 with the same binding efficiency. Sheep anti-mouse IgG conjugated with horseradish peroxidase was used as the secondary antibody. The immunoblot was visualized by ECL detection according to the manufacturer's protocol.
Detection of CYP2A13 R101Q variant cDNA and mRNA in stable transfectant cells. The Wizard Genomic DNA purification kit was used to extract the genomic DNA from the stable transfectant Flp-In CHO cells that were transfected with wild-type CYP2A13 cDNA or R101Q variant cDNA. Total RNA was extracted from the same cells by TRIzol reagent and chloroform, and precipitated with ethanol. After washed once by 70% ethanol and dried in air, the RNA pellet was dissolved in RNase-free water. The RNA was reversed transcribed to cDNA using iScript cDNA synthesis kit according to the manufacturer's protocol. The presence of wild-type CYP2A13 or the variant R101Q sequence in the genomic DNA and mRNA of the stable transfectant cells was determined by direct PCR and reverse transcription-PCR (RT-PCR) (35 cycles for both PCR reactions), respectively, with a pair of CYP2A13-specific primers (forward: 5# ATGCTGGCCTCAGGGCT GCTTCTG 3#; reverse: 5# TCAGCGGGGCAGGAAGCTCATGGTGTAG 3#). A pair of bactin specific primers was used as an internal control for RT-PCR analysis.
Expression of R101Q variant protein in Sf9 insect cells. The B AC -TO -B AC baculovirus/Sf9 insect cell expression system was used for the expression of R101Q variant protein according to the protocol described previously (He et al., 2004b) . Briefly, the R101Q variant cDNA in pcDNA5/FRT vector was transferred into pF AST B AC donor plasmid using XhoI and NotI restriction enzymes and Quick T4 DNA quick ligase. The pF AST B AC plasmid was used to transform MAX E FFICIENCY DH10B AC cells (containing bacmid and helper) to generate the bacmid DNA containing R101Q variant cDNA. The bacmid DNA was then transfected into Sf9 cells by C ELL FECTIN reagent to obtain the recombinant baculovirus particles. Sf9 cells were infected with the virus particles in the presence of d-ALA and ferric citrate for the large-scale production of R101Q variant protein. After incubation for 72 h, the infected Sf9 cells were harvested, washed with phosphate buffered saline (PBS), and resuspended in PBS buffer containing 5mM imidazole, 20% glycerol. Microsomes were prepared by sonication and differential centrifugation as previously described (He et al., 2004b) and were stored at ÿ80°C prior to use.
P450 content determination and coumarin 7-hydroxylation assay. Microsomal P450 content was determined by reduced Carbon monoxide (CO)-difference spectrum after solubilization (Omura and Sato, 1964) . The CO-difference spectra were recorded using an ultraviolet (UV)/visible spectrophotometer (Shimadzu UV 160U, Japan). Coumarin 7-hydroxylase activity was assayed according to the protocol described previously (He et al., 2004b) . The reaction was carried out at 37°C for 20 min in a 500 ll of 50mM Tris buffer (pH 7.4) consisting of microsomal proteins (50 lg), nicotinamide adenine dinucleotide phosphate (NADPH)-P450 oxidoreductase (30 units), 1mM NADPH, 10mM magnesium chloride, 150mM potassium chloride, and 50lM coumarin.
Limited proteolysis by proteinase K and trypsin. Five micrograms of microsomal proteins containing expressed wild-type CYP2A13 or R101Q variant were digested by different concentrations of proteinase K or trypsin at 25°C for 30 min. The buffer for proteinase K digestion was 20mM Tris-HCl (pH 8.0) containing 5mM EDTA and 100mM NaCl, and the buffer for trypsin digestion was 20mM Tris-HCl (pH 7.5) containing 1mM EDTA and 200mM NaCl. After digestion, the samples were immediately placed in ice, then in boiling water bath for 10 min with added 23 sodium dodecyl sulfate (SDS) loading buffer to terminate the digestion. The samples were then subject to electrophoresis on 10% SDS-polyacrylamide gel and CYP2A13 protein was detected by immunoblotting. The bands were quantified using ImageJ software (http://rsb.info.nih.gov/ij/).
Statistical analysis. The LC 50 values for cell viability were calculated by a modified logit model. The data were analyzed by SPSS 10.0 for Windows (SPSS, Inc., Chicago, IL) and the differences in cell viability among groups were determined using one-way analysis of variance. A p value of < 0.05 was considered statistically significant.
RESULTS

Stable Expression of Human CYP2A13 and its Polymorphic Variants in Flp-In CHO Cells
The Flp-In CHO cells were preengineered to contain an FRT site in their genomic DNA. The transfected DNAs are ensured to be integrated as a single copy at the same chromosomal site with the help of Flp recombinase. This mechanism results in the same level of transgene transcription in all the stable transfectant cell clones. We have validated the Flp-In CHO cells system and successfully used it to express several human enzymes including wild-type CYP2A13 (He et al., 2006; Wang et al., 2005) . To establish the stable Flp-In CHO cell lines expressing the CYP2A13 missense variants, we cotransfected the cells with CYP2A13 variant cDNA and an Flp recombinase expression vector (pOG44). The stable transfectant cells were then selected by their resistance to antibiotic hygromycin B. Immunoblot analysis demonstrated that CYP2A13 protein levels were the same in the stable transfectants expressing wild-type CYP2A13 and the variants R25Q, D158E, R257C, R25Q/R257C (containing double variations), V323L, F453Y, and R494C (Fig. 1A) . As expected, there was no detectable CYP2A13 protein in the CHO cells transfected with the vector containing no CYP2A13 cDNA. These results are consistent with the working principle of Flp-In cell system as discussed above. However, there was no detectable CYP2A13 protein in the cells transfected with the R101Q variant cDNA (Fig. 1A) . This result was confirmed by our repeated transfection experiments (data not shown). PCR analysis with CYP2A13-specific primers demonstrated that the R101Q variant cDNA was successfully integrated into the genomic DNA of the stable transfectant cells (Fig. 1B) . The same integration also occurred in the stable transfectants expressing wild-type CYP2A13 but was absent in the cells transfected with vector alone (no CYP2A13 cDNA) (Fig. 1B) . RT-PCR analysis further demonstrated that the mRNA of R101Q variant was also expressed in the corresponding stable transfectant cells (Fig. 1C) . For comparison, expression of CYP2A13 mRNA was demonstrated in the cells expressing wild-type CYP2A13 (as a positive control) but was absent in the cells transfected with vector alone (as a negative control).
AFB1-and NNK-Induced Toxicity in Flp-In CHO Cells Expressing Wild-Type or Variant CYP2A13
We used MTS assay to compare AFB1-and NNK-induced toxicity in Flp-In CHO cells stably expressing wild-type (Fig. 2) with LC 50 values of 23nM for AFB1 and of 44lM for NNK, respectively. In contrast, there was no significant cell death in the Flp-In CHO cells transfected with vector alone (without CYP2A13 cDNA) even at highest experimental concentrations of AFB1 (10lM) and NNK (200lM) (Fig. 2) . These results are consistent with the important role of CYP2A13 in the metabolic activation of these two carcinogens (Su et al., 2000; He et al., 2006) . Except for the R101Q variant, the stable transfectant cells expressing all the other CYP2A13 variant proteins showed a similar response to both AFB1 and NNK, and there was no remarkable difference in cell viability between the cells expressing these variants and the cells expressing wild-type CYP2A13 (Fig. 2) . This result indicates that the capabilities of these CYP2A13 variant proteins in activating AFB1 and NNK were not significantly altered. In contrast, there was no significant AFB1-or NNK-induced death in the cells transfected with R101Q variant cDNA (Fig. 2) , which is consistent with the lack of CYP2A13 protein in these stable transfectant cells.
Biochemical Characterization of R101Q Variant Protein
The demonstrated presence of R101Q cDNA and mRNA but lack of immunodetectable CYP2A13 protein in the cells transfected with R101Q cDNA suggests that the amino acid substitution at #101 position may lead to a loss of the antigenic site for immunoblot detection and/or a decrease in CYP2A13 protein stability within the CHO cells. To further explore the mechanisms involved, we expressed sufficient amount of R101Q variant proteins by the baculovirus/insect cell system for biochemical studies. Expression of R101Q variant protein in the microsomes of insect cells was confirmed by immunoblot analysis using the same antibody for CYP2A13 protein detection in the CHO cells. This result eliminates the possibility that the lack of detectable R101Q variant protein in the corresponding Flp-In CHO cells was due to an alteration in the antibody-binding site. As shown in Figure 3A , microsomes expressing wild-type CYP2A13 protein displayed a typical P450 absorption peak but such peak was not detectable in the microsomes expressing R101Q variant protein (Fig.  3B) , suggesting that the heme in R101Q protein might be either lost or misincorporated. Consistent with the lack of P450 peak, microsomes containing R101Q variant protein showed no activity in coumarin 7-hydroxylation (Fig. 3C) .
CYP proteins with heme loss or misincorporation are often unstable (Faletto et al., 1992; Hong et al., 2001) . To determine the possible stability change of R101Q variant protein, both the microsomes containing wild-type CYP2A13 and R101Q variant proteins were subject to limited digestion by proteinase K or trypsin. As shown in Figure 4 , R101Q variant proteins were much more susceptible to the digestion by these two proteinases. Compared with corresponding undigested control samples, only less than 5% of the R101Q variant proteins were remaining after a 30-min digestion with 20 ng/ll proteinase K while approximately 60% of the wild-type CYP2A13 proteins still remained (Fig. 4A) . Similarly, approximately 90% of the R101 variant proteins were digested out by trypsin (25 ng/ll), while more than 60% of the wild-type CYP2A13 proteins remained (Fig. 4B) .
DISCUSSION
Genetic polymorphism of human CYP enzymes has been recognized as an important determinant or modifier in human susceptibility to environmental carcinogenesis and has also been widely used as a biomarker in molecular epidemiological studies (Hong and Yang, 1997) . However, it should be emphasized that only a very small percentage of genetic polymorphisms may have a significant impact on CYP enzyme expression/function. Therefore, identification and characterization of the functional genetic variants are critically important 
for the selection of appropriate biomarkers for molecular epidemiological studies. The present study characterized the functional significance of reported missense polymorphic variants of CYP2A13, a highly efficient enzyme for the metabolic activation of NNK and AFB1. Our results demonstrate that except for the R101Q variant there was no remarkable difference in AFB1-or NNK-induced toxicity between the stable transfectant CHO cells expressing wild-type CYP2A13 and the missense variants, suggesting that the AFB1-and NNK-metabolizing activity of CYP2A13 protein is not significantly altered by these variations. Therefore, these polymorphic alleles are unlikely to affect the susceptibility to AFB1-or NNK-related lung carcinogenesis. It is worth to mention that the human susceptibility to environmental carcinogens could also be influenced by nongenetic factors such as the inhibition of CYP2A13 activity by other chemicals including nicotine (Bao et al., 2005) and 8-methoxypsoralen (von Weyman et al., 2005) .
The present study demonstrates that the R101Q polymorphic variation has a significant functional impact on CYP2A13 enzyme. The demonstrated expression of R101Q variant mRNA but lack of detectable CYP2A13 proteins in the corresponding stable transfectant cells, loss of catalytic activity and of appropriate heme binding in the enzyme, and increased susceptibility to proteinase digestion collectively suggest that the missense variation leads to a nonfunctional and unstable protein. However, a partial contribution of this missense variation on the mRNA stability and/or translation efficiency could not be totally excluded. Nevertheless, the R101Q variation represents a null allele. While the previously mentioned R101Stop polymorphism of CYP2A13 also represents a nonfunctional allele, the molecular mechanism involved in the latter is the premature termination of protein synthesis instead of single amino acid substitution. Nevertheless, the phenotypic consequence of R101Q and R101Stop should be the same. It would, therefore, be reasonable to combine the genotyping of these two null alleles in future molecular epidemiological studies to determine their influence on human lung cancer susceptibility related to NNK or AFB1 exposure.
A single amino acid substitution could have a profound effect on CYP protein structure, leading to the loss of appropriate heme binding and/or alteration in protein stability. Faletto et al. (1992) demonstrated that a Ser 180 / Cys substitution in rat cytochrome P450 2C13 did not appear to affect synthesis of the protein but decreased the protein stability significantly. We found that human CYP2A6 Leu160-His variant protein also had a loss of appropriate heme binding and showed a drastic reduction in protein stability, which is the result of conformational change by introducing an extra charge at #160 position (Hong et al., unpublished results) . The distinctive effect of R101Q variation on CYP2A13 protein, in comparison with the other missense changes, may be due to its FIG. 3 . Determination of microsomal P450 content (A and B) and coumarin 7-hydroxylation activity (C). Microsomes were prepared from the Sf9 cells expressing wild-type CYP2A13 or R101Q variant protein. For P450 content determination, 900 lg of microsomal proteins was used. Microsomes containing wildtype CYP2A13 protein showed a characteristic P450 peak (0.23 pmol P450/lg protein), while microsomes containing R101Q variant protein exhibited only an absorption peak at 420 nm. The P450 content determination was conducted with three different batches of Sf9 cell microsomes and a representative result is shown. For coumarin 7-hydroxylation assay, 50 lg of microsomal proteins was used. Microsomal proteins from Sf9 cells transfected with the vector alone (no CYP2A13 cDNA) were used as a negative control.
FUNCTIONALITY OF CYP2A13 MISSENSE VARIANTS 43 strong interaction with the catalytic heme. Based on our CYP2A13 model (He et al., 2004a,b) and recently published x-ray structure of CYP2A6 (Yano et al., 2005) , which is the most homologous x-ray structure to CYP2A13, R 101 is the only amino acid residue in the present study that is located within 10 Å distance from the heme iron. In fact, the guanidine of R 101 is H-bonded (~3 Å ) to both propionates of the heme as shown in CYP2A6 structure. Our data suggest that the dual-salt-bridge interaction is very important for appropriate anchoring of the heme within the hydrophobic interior of the protein.
Our data on CYP2A13-mediated NNK and AFB1 cytotoxicity suggest that the R257C variation, either alone or combined with R25Q variation, is lack of functional significance. However, heterologously expressed R257C variant protein was previously reported to have a decreased catalytic efficiency in the metabolic activation of NNK (assayed as the formation of keto aldehyde and keto alcohol) (Zhang et al., 2002) . For keto aldehyde formation, the Km values (lM) of wild-type CYP2A13 and R257C variant proteins were 4.6 and 6.2, respectively; and the Vmax values (nmol/min/nmol of P450) were 14.5 and 8.4, respectively. For keto alcohol formation, the Km values (lM) of wild-type CYP2A13 and R257C were 2.8 and 4.8, respectively; and the Vmax values (nmol/min/nmol of P450) were 5.7 and 3.2, respectively (Zhang et al., 2002) . Although these differences were statistically significant, the changes may not be large enough to significantly impact on NNK activation in vivo and to be reliably detected in our cell system which has approximately 15-20% interassay variations. It should be noted that both the reported NNK metabolism by R257C variant protein and our data on NNK activation in the cells expressing R257C variant protein more resemble the homozygous situation in humans. The extent of change in CYP2A13 activity in the individuals who are heterozygous for R257C polymorphism is expected to be even smaller (50% less change in theory). These activity and cytotoxicity data suggest that R257C polymorphism of CYP2A13 is very unlikely to be an important determinant or modifier in human lung cancer risk related to NNK or AFB1 exposure. It would be extremely difficult in association studies with case-control design to identify a true relationship between human cancer risk and of the CYP genetic polymorphisms with minor functional changes.
In summary, we have characterized the functional significance of the reported missense genetic polymorphisms of CYP2A13 and demonstrated that the R101Q polymorphism represents a null allele. Our results provide important information for designing CYP2A13 polymorphism-related molecular epidemiological studies and for understanding structureactivity relationship of CYP2A13 protein.
